Abstract: Uranium-series isotopes provide important constraints on the timescale of magma differentiation and this can be used to identify where in the crust and silicic magmas acquire their geochemical characteristics. Timescales of differentiation can be inferred from the observed co-variations of U-series disequilibria with differentiation indexes. When crustal assimilation of secular equilibrium material is involved, inferred timescales will generally decrease. In turn, they will increase if periodical recharge (.20 wt% relative volume) of the magma body occurs. If crustal assimilation and magma recharge occur concurrently, inferred timescales for differentiation can be similar to that of closed system differentiation. We illustrate the approach with data from Mount St Helens which suggest that dacitic compositions are produced in c. 2000 years. Combining this with recent evidence for an important role for amphibole fractionation suggests that differentiation of a c. 10 km 3 magma body at this volcanic centre occurs at 8-10 km depth in the crust.
The genesis of silicic magmas is important for understanding the growth of the continental crust and the origin of explosive eruptions because the upper crust is dominated by silicic igneous rocks, and evolved lavas are responsible for many of the most dangerous volcanic eruptions. Over the last two decades, numerous efforts have been undertaken to constrain how and where silicic magmas are generated (e.g. Davidson 1985 ; Huppert & Sparks 1988; Bergantz 1989; Bergantz & Dawes 1992; Laube & Springer 1998; Petford & Gallagher 2001; Orozco-Esquivel et al. 2002; Annen & Sparks 2002; Annen et al. 2006) . In particular, recent thermal modelling has shown that repetitive intrusions of basalt can melt pre-existing intrusions in the lower crust and that the combination of residual magmas from basalt crystallization and these crust-derived melts in a deep crustal hot zone could produce silicic magmas and account for observed compositional variations in silicic volcanic systems (Annen & Sparks 2002; Annen et al. 2006) . However, the timescales of magma differentiation can also be used to constrain the depth where silicic magmas acquire their geochemical characteristics and thus provide an important test of these models. An important aspect of the model of Annen et al. (2006) is that, whilst silicic magmas can be produced rapidly as the residue of basalt crystallization, the timescales for large volumes of melt to accumulate by melting of the crust are very long (c. 100 ka).
One constraint upon the timescales and relative proportions of liquid derived from recently emplaced basalt v. crustal melt in these hot zone models is that most silicic arc magmas contain significant 230 Th/ 238 U and 226 Ra/ 230 Th disequilibria (Cooper & Reid 2003; Turner et al. 2003a , b for a recent compilation). These disequilibria are believed to be derived from slab fluids (Turner et al. 2001; Bourdon et al. 2003) . Thus, in order to preserve radioactive disequilibria, significantly less than 8 ka (five half-lives of 226 Ra) can elapse during the evolution from mantle-derived basalts to andesitic and dacitic compositions and their eruption. Moreover, many suites of rocks from individual volcanoes show a correlated decrease in ( 226 Ra/ 230 Th) with increasing differentiation (as measured by SiO 2 or Th content). This has been taken to indicate that differentiation occurred over a timescale proportional to the half-life of 226 Ra and detailed studies have used the change in ( 226 Ra/ 230 Th) to infer the timescale in detail (e.g. Turner et al. 2003a, b; George et al. 2004) . In this case, the silicic rocks must derive their geochemical characteristics almost entirely from crystallization of a single sill of basalt. Consequently, there is a need for a model that accounts for both the rapid generation of silicic magmas (in order to preserve Ra -Th disequilibrium) and their geochemical and isotopic diversity and evidence for crustal assimilation in many instances (e.g. Smith & Leeman 1987; Grove et al. 1988; Tepper et al. 1993; Bourdon et al. 2000) . Moreover, if andesites are directly derived from crystallization of a basaltic sill, this requires no contribution from residual melts of previously crystallized intrusion.
A second issue is that hydrous basalt cooling in the mid-to lower crust will crystallize amphibole and partial melts of earlier intruded basalt will probably form in the presence of residual amphibole. Thus, it now appears that amphibole fractionation may play a more critical role in the compositional evolution of arc magmas than the gabbroic assemblages with which they typically erupt (Davidson et al. 2007) . Radium can be moderately compatible in amphibole (Blundy & Wood 2003) and so there is also a need to appraise the effects of amphibole fractionation on 226 Ra disequilibria and to reconsider how this may affect our inferences about the timescales of differentiation.
Accordingly, we have explored two endmember models. In the first, the radioactive disequilibrium in andesites and dacites is largely derived from zero-aged basalt mixed with crustal and residual melts just before eruption, since mixing has the potential to be an important process for the production of some intermediate silicic rocks (Zellmer et al. 2005) . In the second model, crustal and residual melts are mixed with a primary basaltic magma during crystallization (assimilationfractional crystallization). The role of amphibole fractionation during this assimilation-fractional crystallization has also been assessed.
Model I: mixing of zero-aged basalt with crustal and residual melts just before eruption
One end-member model to account for the geochemical characteristics of andesitic and dacitic magmas involves mixing of high-silica melts with 'zero-aged' basalt that imparts mantle-derived U-series disequilibria to the hybrid magma. Eruption takes place less than a few hundreds of years after mixing in order that Ra -Th disequilibrium is preserved. The high-silica melts are derived from a combination of partial melting of the crust and the residues of crystallization of the most recent magmatic intrusions. Annen & Sparks (2002) suggested that high-silica melts are produced in a significant volume only after successive magma emplacements over .10 5 years. In this case, the crustal melts will be in secular equilibrium for the 238 U/ 230 Th/ 226 Ra systems. Secondly, these crustal melts are produced by partial melting of amphibolite (Annen et al. 2006) . Berlo et al. (2004) have shown that partial melting of amphibolite is unlikely to produce significant radioactive disequilibrium and so any observed disequilibria must be inherited from the 'zero-aged' basalt. Dufek & Cooper (2005) .
In order to quantify the contribution of zero-aged basalt required in the mixing model described above, we use the average composition of subductionrelated andesites and dacites for which SiO 2 , U, 226 (Turner et al. 2003a, b) . In these two models, activity ratios for the high-silica end-member are taken equal to unity (secular equilibrium) as explained above. In model Ic, the parental basalt is the same as that of model Ia but the high-silica melt has been allowed to have some radioactive disequilibria: Berlo et al. (2004) for an amphibolitic melt.
Starting compositions of the zero-aged basalt and silicic melt are compiled in Table 1 and results of the inversion are shown in Table 2 and Figure 1 . Inversion of the average arc andesite/ dacite composition yields a SiO 2 composition of the zero-aged basalt and the crustal melt at the higher end of the allowed range of values for all three models. As a consequence, because mixing end-members always have the same SiO 2 content regardless of their activity ratios, mixing proportions are controlled by the SiO 2 content of the end-member magmas.
For all three models, the U-series composition of an average arc andesite/dacite can be explained by the mixture between c. 45% of pre-existing silicic crustal melt (produced through basalt crystallization and/or wallrock melting) and c. 55% of zero-age basaltic magma. Sparks & Marshall (1986) showed that complete magma hybridization is only possible with proportions of mafic magma greater than 50%, which is the case here.
However, this model assumes magma mixing without any requirement for crystal fractionation to occur. This is at odds with the numerous studies which have observed that the geochemistry of silicic lavas is at least partially controlled by crystal fractionation (Grove & Kinzler 1986 and references therein). For instance, this process is unable to explain the curvilinear trends so often observed between the abundance of elements such as TiO 2 or P 2 O 5 and differentiation index (Turner et al. 2003a, b; George et al. 2004; Zellmer et al. 2005) . Therefore, in the following section, we consider more realistic model of coupled assimilationfractional crystallization (AFC). The effect of crustal assimilation, magma recharge and amphibole fractionation on U-series-derived timescales for magma differentiation is then evaluated.
Model II: assimilation of crustal/residual melts during differentiation + + + + + magma recharge Assimilation of secular equilibrium materials will act to reduce ( 226 Ra/ 230 Th) ratios, mimicking the effects of time and associated radioactive decay. Consequently, the magma differentiation timescale inferred from a specific dataset will represent maxima unless assimilation (which must be independently established) is quantitatively taken into account. In this section, we investigate quantitatively the effect of crustal assimilation during differentiation on timescales inferred from Ra -Th data. To illustrate this, we use U-series data from Mount St Helens ( Fig. 2 ; Volpe & Hammond 1991) , where the operation of AFC has been demonstrated (Halliday et al. 1983) . Note that the objective of this discussion is not to re-appraise previous U-series interpretations (Volpe & Hammond 1991; Cooper & Reid 2003) . Calculations performed for other volcanoes (e.g. Ruapehu, New Zealand, Price et al. 2007 ; Sangeang Api, Indonesia) yield similar conclusions to that presented below. We focused on whole-rock Ra -Th data, as it has been shown that the U-series composition of minerals may be complex to interpret Cooper & Reid 2003) .
The variation of the mass of magma in the chamber with time is:
where f is the crystallization rate (in year 21 ) and Q assimil is the rate of wallrock assimilation (in g year 21 ). We use the non-dimensional parameter r defined by DePaolo (1981) Th) v. SiO 2 (in wt%) mixing diagrams. The composition of the different end-members is shown: in black, zero-age basalt; in light grey, silicic melt derived from lower crust melting. Compositions are shown for the three different models as explained in the text. Tick marks show proportions of zero-age basalt in 25% intervals. It can be seen that the silica composition of the end-members and the proportion of zero-age basalt required to explain the average composition of subduction-related andesites and dacites (dark grey area) do not vary significantly from one model to another (see text for details). A. DOSSETO ET AL.
The variation with time of the mass of a nuclide in the magma, M i , is
where C i and C i21 are respectively the concentrations of the nuclide and its parent in the magma (in g g 21 ), C i,assimil the concentration of the nuclide in the assimilated wallrock (in g g 21 ), D i the partition coefficient of the nuclide and l i and l i21 are respectively the decay constants of the nuclide and its parent (in year 21 ). We can re-write Equation 3 so that: Bacon & Druitt 1988) .
If no assimilation occurs (r¼0), it is possible to reproduce the positive trend observed between ( 226 Ra/ 230 Th) and 1/Th for Mount St Helens and infer that it took about 2000-2500 years for the magma to evolve from the most primitive to the most evolved compositions (Fig. 3) . Note that we aim to reproduce the broad trend defined by the data and not each sample composition separately. This timescale is within the range of crystallization ages obtained by Cooper & Reid (2003) for plagioclase (c. 2 -4 ka) and pyroxene (c. 0.15 -5.7 ka) in the St Helens lavas. The positive trend defined by the data is best reproduced for a crystallization rate of c.
2-3Â10
24 year 21 , which is comparable to that inferred from similar data from a number of volcanic systems from a diverse Fig. 3 . Closed system fractionation models for Mt St Helens. Squares are wholerock data from Volpe & Hammond (1991) . Curves show the evolution of magma composition for different crystallization rates, assuming no crustal assimilation. The magma is assumed to have the following starting composition: Th¼1.7 ppm; ( range of tectonic settings (Blake & Rogers 2005) . As shown in Figure 3 , higher crystallization rates produce curves with more gentle slopes than the best fit to the observed trend. Figure 4 shows that, if assimilation of a secular equilibrium crustal melt accompanies crystal fractionation (AFC), the time inferred to produce the most differentiated magma is significantly reduced (in other words the 'true' time would be overestimated if assimilation was not taken into account). For a ratio of assimilation to crystallization rate (r) of 0.3, suggested to be the highest value yet inferred (Tegner et al. 2005) , the true timescale for differentiation is reduced to c. 1500 years (Fig. 4) . As discussed for model I above, in the extreme case of two-end-member mixing, the timescale for differentiation approaches zero. As the rate of assimilation increases relative to crystallization, the inferred timescale for differentiation required to account for the Ra -Th disequilibrium decreases. This is not to say that increasing assimilation leads to faster differentiation. Rather, the timescale inferred from U-series isotopes increasingly overestimates the true timescale as the amount of assimilation increases if this effect is not taken into account in the interpretation. Glazner (2007) suggested that wallrock assimilation would increase the crystallization rate. In this case, if r¼0.3 and the crystallization rate, f, increases from 2 to 4Â10 24 year 21 during AFC, the most silicic composition is produced after c. 2000 years (not shown) instead of c. 1500 years if f is kept constant and equal to 3Â10 24 year 21 .
The role of amphibole Davidson et al. (2007) have recently shown that the REE composition of arc volcanics indicates an important role for amphibole fractionation in generating the diversity of arc magma geochemistry. Radium can be relatively compatible in amphibole (Blundy & Wood 2003) and so fractionation of amphibole-rich assemblages (or the presence of amphibole as a residual phase during the production of partial melts in the lower crust) could also influence ( 226 Ra/ 230 Th) ratios. Thus, we have also investigated AFC models in which amphibole is a major fractionating phase. The partition coefficient for Ba in amphibole can be up to 0.7 (LaTourrette et al. 1995) , and assuming that D Ra ¼0.08ÂD Ba (Blundy & Wood 2003) , the highest predicted D Ra is 0.056. As Figure 5 shows, because Ra remains relatively incompatible even in amphiboledominated assemblages, the effect on the inferred timescales is relatively modest (,5%). Fig. 4 . The effect of crustal assimilation on the evolution of magma composition and comparison with Mount St Helens data. The two upper curves are calculated for different ratios of assimilation over crystallization rates, r (labels on curves), and assuming a crystallization rate infinite compared with 226 Ra half-life. The plain and dashed curves are calculated for r¼0 and 0.3, respectively, and with a crystallization rate of 3Â10 24 year 21 (see Fig. 3 ). Labels on curve are durations of differentiation. Same symbols, partition coefficients and composition as in Figure 3 .
The effect of recharge
The models above assume no recharge of the magma chamber. Hughes & Hawkesworth (1999) have shown that this process can buffer the decay of 226 Ra. In a model of assimilation-rechargefractional crystallization (ARFC), a primitive magma undergoes fractional crystallization with or without synchronous wallrock assimilation until a new batch of magma is added to the differentiating magma. New batches of magma are added periodically and mixed instantaneously with the resident magma. An equivalent mass of magma is erupted subsequent to this mixing in order to maintain a constant magma volume. Between each recharge event, fractional crystallization occurs with or without wallrock assimilation. Figure 6 shows that the periodic injection of a mass of primitive magma equivalent to 10% of the total mass of magma in the chamber every 500 years slightly increases the time required to produce silicic magmas. In the case of Mount St Helens, the inferred timescale for differentiation increases from c. 2000-2500 years (no recharge) to c. 2500-3000 years (with recharge) (Fig. 6) . A significant increase in the inferred timescales would require larger volumes of replenishing magma. If more frequent recharge is invoked, a steady-state composition with a relatively low Th concentration would be reached and the composition of the most evolved sample cannot be reproduced. It is worth noting that, if crustal assimilation and magma recharge occured concurrently, the resulting timescale for differentiation could be similar to that obtained for the simplest case where closed-system differentiation occurs (i.e. the effects of recharge and assimilation have opposite effects upon disequilibria). In the example of Mount St Helens, assuming the magma recharge scenario and crustal assimilation at a rate 10 times slower that of crystallization (i.e. r¼0.1), the time required to produce the most silicic compositions is c. 2500 years, similar to the timescale inferred when neither recharge or crustal assimilation occur.
Physical implications
The timescale for differentiation inferred in the previous sections can, in principle, be used to place physical constraints on the depth of differentiation for a given geotherm and magma chamber volume and shape. For Mount St Helens (and other volcanoes such as Ruapehu and Sangeang Api), because differentiation and cooling appear to be fast (,2.5 ka), the magma body is likely to be small and/or located at shallow depths. This can be quantitatively constrained using a cooling model. We model the crystallization of a cooling magma body emplaced instantaneously at a temperature T int , into isothermal crust at a temperature T wr . Our crystallization model is an analytical fit to the crystallization model compiled by Hawkesworth et al. (2000) (Fig. 7) . We express the crystal mass fraction rate as
where the initial temperature of the magma body, T int ¼1200 8C (Yoder & Tilley 1962) , the temperature at which 50% crystallization is achieved, T trans ¼1137 8C and DT¼63 8C. Figure 7 shows that this parameter set fits well with the Hawkesworth et al. (2000) model, at least up to 85% cumulative crystallization.
We calculate the cooling history of the magma body by solving the thermal energy balance in a spherical coordinate system, using the Finite element package COMSOL. We use a latent heat of crystallization of 400 kJ kg
21
, a thermal conductivity of 3 W m 21 8C 21 , a heat capacity of 1 kJ kg 21 8C 21 and a density of 2800 kg m
23
. We assume that the magma body cools simply by conduction. Convective cooling would not dramatically affect the inferred cooling/crystallization history, since similar timescales are obtained in models where convective heat flux is explicitly taken into account . Calculations were performed for different aspect ratios, AR¼diameter/thickness (AR ¼ 1, spherical magma body; AR.1, oblate-spheroidal magma body, i.e. sheet-like shape; AR,1, prolatespheroidal magma body, i.e. bottle-shaped) since some workers have argued that magma bodies have a high aspect ratio (Petford et al. 2000) , although various observations of spherical or prolate-spheroidal intrusions have also been made (Iyer 1984; Marsh 1989; Higgins 1996; Husen et al. 2004; Iverson et al. 2006; Voight et al. 2006 Th)¼1.6. The crystallization rate between each magma addition is 3Â10 24 year 21 . Tick marks on curves are at 500 year intervals. Same partition coefficients as in Fig. 3. ratio ,1 (e.g. Pallister et al. 1992; Iverson et al. 2006) . For AR¼0.5, calculations suggest that crystallization of 50% of a magma body .5 km 3 is achieved in c. 2000 years (see the previous section) if the wallrock temperature is ,500 8C (Fig. 8a) . Assuming a geothermal gradient of 30 8C km 21 , this corresponds to an emplacement depth ,17 km. These are maximum values since at convergent margins the geothermal gradient is often higher than 30 8C km 21 , especially if the crust has been heated by repetitive magma intrusions (cf. Annen et al. 2006) . To produce andesitic and dacitic compositions in the lower crust (T wr !700 8C) would require a very small magma 21 ) as a function of cooling below liquidus used in our thermal models. We use a simple analytical approximation (solid line) fitted to the model of Hawkesworth et al. (2000) , shown in crosses. , which is unlikely (Pallister et al. 1992) . Hence, our calculations suggest that at Mount St Helens geochemical diversity is produced in the upper crust. Davidson et al. (2007) identified amphibole as a crucial phase during magma chemical evolution. Amphibole can be stable in water-saturated basaltic or andesitic melts at pressures as low as 3 kbar (Beard & Lofgren 1991) . Thus, in order to reconcile our cooling model with the stability field of amphibole, differentiation at Mount St Helens must occur in the lowermost pressures of the amphibole stability field (3 kbar). This would correspond to a depth of c. 10 km, which is in good agreement with previous geophysics and petrology studies (Lees 1992; Moran 1994; Blundy & Cashman 2005; Iverson et al. 2006) . In turn, this implies that the size of the magma body is c. 10 km 3 , since a larger body would require shallower emplacement, incompatible with amphibole stability. This is also in agreement with previous estimates (5-7 km 3 ; Pallister et al. 1992 ). The results are remarkably sensitive to magma body shape. For example, a magma volume of 50 km 3 with aspect ratio of 10 (i.e. an oblate spheroidal body with a radius of 5 km and a thickness of 1 km) can undergo 50% crystallization in less than a few thousand years with a wallrock temperature as high as 700 8C. Hence, the ability to constrain the shape of magma bodies at a volcanic centre will be important in attempts to determine whether silicic magmas are produced in shallow spherical or prolate spheroidal magma bodies (e.g. Mount St Helens, Pallister et al. 1992; Mount Taranaki, New Zealand, Higgins 1996) or deep oblate spheroidal bodies (i.e. sheet-like sills).
Finally, we note that other processes can potentially yield extremely short differentiation timescales. For instance, Blundy & Cashman (2005) argued that crystallization can be driven by (rapid) decompression and degassing. However, whether this could occur over thousands of years as indicated by the Ra -Th disequilibria data remains to be shown.
Conclusions
We have quantitatively investigated several endmember models to account for the uranium-series isotopic variation often observed in co-genetic suites of andesites and dacites and used these to explore time and space constraints on the processes responsible for their generation. In the first model, the composition of silicic magmas is assumed to result solely from mixing between residual melts from differentiation and crustal melting with zero-aged basalt shortly before eruption. The results suggest that about half of the erupted magma volume has to be derived from crustal and residual melts. Considering the few case studies in which pure two end-member mixing has been established, this scenario is deemed unlikely. In the second model, primary basalt and crustal melts are mixed during differentiation (AFC) rather than just before eruption (first model), and Ra -Th data from Mount St Helens are used as a case study to quantify the effect of crustal assimilation on inferred differentiation timescales. Crustal assimilation during crystallization reduces ( 226 Ra/ 230 Th) more rapidly than the effect of the passage of time alone. Including amphibole as a major crystallizing phase also decreases ( 226 Ra/ 230 Th) ratios but this effect is not dramatic. Thus, all of the processes considered here lead to reductions in the timescales of differentiation that have been inferred from negative ( 226 Ra/ 230 Th) 2 Th arrays assuming crystal fractionation was the only processes operating. Consequently, the timescales inferred from such studies should be considered as maxima. Frequent magma recharge can increase the inferred timescales of differentiation. However, this effect is significant only if large amounts of primitive magma frequently replenish the chamber (.20 wt% of the magma in the chamber every 500 years). Because of the short timescales inferred, simple thermal models for magma cooling may require that differentiation occurs shallowly, depending on magma chamber geometry. By combining this with the suggestion that amphibole was an important crystallizing phase (Davidson et al. 2007) , we infer that magma emplacement below Mount St Helens occurred at a depth of c. 10 km and that the size of the magma body is c. 10 km 3 . This is consistent with recent geodetic data (Iverson et al. 2006) . Hence, production of silicic magma in spherical or prolate spheroidal (i.e. bottle-shaped) magma bodies probably occurs in the mid-upper crust. Oblate spheroidal magma bodies (i.e. sheet-like sills) can cool over shorter timescales (a few thousand years) at deeper depths. Future studies combining geophysical imagery and geochemical tools such as U-series isotopes at other volcanic centres should provide important constraints on the mechanisms and locations of silicic magma production.
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